Abstract-Astrocytes, one type of glial cells, are considered to be an active partner to neurons in processing information of Central Nervous System (CNS). Therefore, studying the interaction between the astrocytes and neurons is important to create a novel model for Artificial Neuron-Glial Networks (ANGN). In this paper, a novel model for (ANGN) is proposed to model the real time interaction between Astrocytes and neurons by using Spiking Neural Networks (SNNs) and mathematical models for astrocyte-neuron interaction. How could this proposed model will be biologically inspired to model the real time interaction between astrocytes and neurons and to improve the performance of the SNN? However, these mathematical models are generalized and simplified to be used in the proposed network. The performance of the proposed network was compared with standard SNN and the simulation results showed that the proposed model evoked more spikes to fire whenever astrocytes were activating in a time window. This indicates that astrocytes are playing significant roles in processing information of the ANGN.
INTRODUCTION
Central Nervous System (CNS) consists of two major types of cells, neurons and glial cells. The latter has been considered to be passive cells in the brain able to support neurons. But recently, neuroscience researchers have discovered that glial cells, especially astrocytes, have important roles in processing information in the brain. Moreover, recent evidence indicates that astrocytes and neurons are interacting with each other and this interaction is called tripartite synapse. The main three elements of tripartite synapse include a presynaptic neuron, a postsynaptic neuron, and an astrocyte [11] , [15] , [28] . Therefore, many researches tried to model these roles of astrocytes in tripartite synapse [5] , [10] , [12] , [13] , [20] .
For instance, the functional model for the interaction between astrocytes and neurons introduced by [12] suggested that astrocytes are activated via two pathways. Firstly, fast increase of intercellular potassium (K + ) by postsynaptic neuron. Secondly, slow production of Inositol Trisphosphate (IP 3 ) by synaptic activity. Consequently, increasing intracellular calcium (Ca 2+ ) in astrocytes, in turn, triggering the production of glion mediator (glutamate). Thus, this mediator response is affecting both synaptic terminal and postsynaptic neuron.
Lately, many researchers have dedicated efforts to imitate the roles of astrocytes in neural networks. Therefore, a new term has been given a great attention by computer scientists in last ten years and was called Artificial Neuro-Glial Network (ANGN). On other hand, Spiking Neural Networks (SNN) by [2] is considered as the third generation of Artificial Neural Networks (ANN) while the first generation was developed by [14] based on threshold function, the second generation was based on sigmoid function. However, SNN is more likely to be highly inspired and plausible biological system, distinctly efficient and more effective to encode information compared with the preceding generations of ANN.
In this paper, a novel model for ANGN is proposed to model the real time interaction between astrocytes and neurons by using SNN and mathematical models for astrocyte-neuron interaction. In Section II the objectives of this paper is highlighted. The literature review is discussed in Section III followed by the method and materials in Section IV. The simulation is presented in Section V. The results are presented in Section VI and this paper is concluded in Section VII.
II. OBJECTIVE OF THE STUDY
The aim of this study is to create a novel model for ANGN in order to imitate the real time interaction between astrocytes and neurons in tripartite synapse. In this study a Simplified Spike Response Model (SRM 0 ) and simplified mathematical models for astrocyte-neuron interaction are employed to advance a model with minimum dimensionality, least number of control parameters, and less complexity. In addition, to develop an artificial model which is more generalized, biologically plausible and greater extent of simplicity. The proposed model will be based on the causal chain of the biological events of the interaction between astrocyte and neurons introduced by [12] . However, the justification for using the causal chain events only not all the equations in the functional model by [12] is the high dimensionality and complexity of these mathematical equations and also this model does not intend to model the real time interaction between the astrocytes and neurons in ANGN.
However, SRM 0 model uses a kernel-based method instead of differential equations. The justification for this choice is that biological process often follow exponential course. Also, the exponential functions are easy to linearize. Hence, the exponential computations are readily adjustable to linear assumptions. Finally, these equations are exponential based not differential equations because differential equation generally requires computationally expensive numerical integration [1] .
III. LITERATURE REVIEW
Most of the previous studies in computer concerning using astrocytes in ANN were tryin representing astrocytes to any hidden layer of studies didn't match the biological model wh physiological property of astrocytes. For introduced artificial astrocytes in ANN and g for classification problem, [22] used different algorithms for training and validation of mult classification problem, [29] designed a new ty which artificial astrocytes networks are conn rather than single astrocytes for classificatio Multi-Layer Perceptron (MLP) was used w following methods as glial: chaos glial netwo glial network [17] , positive and negative pulse two different pulse glial networks [24] , and p based on individual inactivity period [2 Organizing Map (SOM) was used with glial ne However, a study was done by [27] to u Izhikevich formulation [8] , this work was bas modeling for astrocytes which was introduced study by [23] implemented a mathemat astrocytes in Izhikevich formulation based transistor-like model [19] , these studies by [23 dimensions models with a lot of control par model the astrocytes based on mathematical m complexity. In addition, these models were imitate the real time interactions between neurons to improve the performance of networks.
IV. METHODS AND MATERIA

A. Simplified Spiking Response Model (SRM 0 )
In this study a simplified spike response m employed [7] . SRM 0 provides robust comput and uncomplicated mathematical representat proposed model will perform its ensemble harmony between spikes and astrocytes in real The simplified SRM 0 represents the neuron b potential , when presynaptic neuron f postsynaptic neuron at time , a postsyna evoked by the kernel response . Action given in this equation:
Hence, is the total incoming spik presynaptic neurons connected to postsynapti crosses a threshold then an output spike After firing, the membrane potential decays b period function . And is the s between the neurons, the response kernel synaptic potential (PSP), and there are comm in the literature. However, the kernel that wil model is given by: 
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B. Biological Interaction
Since the proposed model is before delving into details of th necessary to present the casual cha the interaction between astrocyte an [12] . As shown in Fig. 1 , the syn synapse is shared by more than one monitors activity- 566 | P a g e is a parameter for time is the time reference [9] , n firing, is the delay and n which is given by: naptic neuron will begin a unction that will be used is e parameters, and is the rithm, many algorithms can ce, spike-timing-dependent the maximum change in ontrol ranges.
biologically inspired and he proposed model, it is ain of biological events for nd neurons as introduced by naptic cleft of the tripartite e neuron. Astrocyte usually indicated with empty-head arrows) rows). Two mechanisms of glion via glion depolarization due to rise n (thick solid line) and (ii) slow on (dotted line) al environment. Hence, any ssium (K+) causes glial ptic neuron. On other hand, d by synapse mediator or ion depolarization and IP3 um (ca2+) in astrocytes, in diator (gliotransmitter) or glion mediator response is 978-1-4673-7606-8/15/$31.00 ©2015 IEEE affecting both the presynaptic neuron (synaptic terminal) and the postsynaptic neuron.
C. Proposed artificial astrocytes model
Depending on the casual chain for biological interaction between astrocytes and neurons as presented in last paragraph and as depicted in Fig 1. The slow and fast pathways for astrocytes activation are evoking the calcium (ca +2 ). Therefore, it is suggested to generalize the mathematical equation introduced by [5] to calculate the calcium (ca +2 ) as given by:
Where ca +2 is the calcium, r is a constant = 0.31, is the slow pathway by IP 3 production and is the fast pathway by glion depolarization. In order to calculate the and the following points will be taken into account to propose a biological inspired equations for real time interaction between astrocytes and neurons and these equations will be used in the new model for ANGN:
1) The following SRM 0 parameters are important to model the real time interaction: The total sum weight
, the time reference and the time when the spike fired . Also, these parameters are important to update the weights once for both neurons and astrocytes in the proposed model.
2) The proposed model will depend on exponential equations rather than differential equation. Fig. 1 At time , the total sum of the weights from neurons to astrocytes equals to the amount of neuron transmitters strength receive to the astrocytes.
3) Considering a group of neurons as presynaptic, these neurons will share the same synaptic cleft, astrocytes and postsynaptic neuron. These neurons are firing spikes at different times as illustrated in
4) The kinetic models of synaptic transmission introduced by [1] will be taken into account to calculate the PS mod and S mod . Because these kinetic models not only give good descriptions of voltage-dependent ionic currents but are general enough to describe almost all processes essential to neurophysiology.
For these reasons, the following equation will be proposed to calculate PS mod : (9) Where is the fast pathway by glion depolarization, and are control parameters. And when the spike is off, the value will become slower or smaller values. In addition, the is given in:
Where is the slow pathway from synapse, and are control parameters, and when the spike is off, then is set to zero waiting for another spike train. The slow synapse in (9) and fast postsynaptic in (10) will be controlled by the choice of the control parameters , and .
Furthermore, [13] described the mechanism of the calcium threshold, If the pulses from synapse to astrocytes were sufficient to make the Ca 2+ concentration above the predefined threshold then it evokes oscillatory response in astrocyte otherwise it simply decays back to its resting level. And [20] treated the Ca 2+ as threshold relates to level of the Inositol Trisphosphate (IP 3 ) messenger, and set the calcium threshold of a single synapse to just above the IP3 level and multiplied it by the number of synapses.
However, in this model, it is proposed that calcium (ca
+2
) is a threshold to evoke the astrocyte mediator or AST mod , and this calcium threshold is an open parameter must meet the conditions and .
Since astrocyte mediator or is evoked by the calcium, and the calcium must reach the value to be evoked, it is suggested that equals to: (11) In this proposed network, the astrocyte will not be activated all the time rather they will enter refractory period longer than the activation period. To control the activation (rising) and the refractory for astrocytes, [20] suggested that astrocytes are activated for 100 ms. Therefore, a function can be used to make the astrocyte active for only 100 ms, as given: Evantually, to model the real time interaction between astrocytes and neurons as a novel ANGN. It is proposed to use the action potential equation which is given in (1) with astrocyte and neuron interaction equations as given in:
Where is the refractory function which is given in (4), is the refractory for astrocytes which is given in (12) , and is given in this equation:
Here, is a control parameter to control the strength of astrocyte. Lastly, recall the casual chain presented by [12] and as depicted in Fig.1 that response both synapse and 978-1-4673-7606-8/15/$31.00 ©2015 IEEE postsynaptic neuron, it is proposed to model the astrocyte response to synapse ( ) as given in:
where is a control parameter.
V. SIMULATION
The Spiking Neural Network-Simplified Response Model (SNN-SRM 0 ) was simulated with 6000 neurons, each 6 neurons were connected to one synapse, one output, and one astrocyte. In this simulation, the neurons were limited to fire only once, so the refractory response of the neuron is considered zero.
The simulation software was MatLab and two algorithms were applied in this simulation, one by standard SNN-SRM o and the other was developed to use the Spiking Neural Network with astrocytes (SNN-astrocyte) in the simulation as seen in algorithm-1. The performance of the SNN-astrocytes is compared with SNN-SRM o by using the number of the postsynaptic spikes and values of 
Algorithm-1 Astrocytes Interaction in Spiking neural network
12.
{If not reach the calcium threshold} 13.
= 0 {set ASTRO to zero} 14.
{do nothing for PSP} {if the time of the spike train is inactive} 16.
=0 {set }
Calculate
The time reference for all neurons was set to T=10, the times of firing for all neuron were chosen randomly between 0 and 10. The weights were entered randomly between 0 and 1. and weights were sorted to assign the higher weights for the stronger activation neurons. Total of 900 excitatory PSPs (ESPS) and the last 100 inhibitory PSPs (ISPS). The other parameters were set as follows:
1. Delay = 2. Table (1) shows the minimum and maximum values for the whole in the network, the maximum for the SNNastrocytes algorithm is more than the maximum value of the SNN-SRM 0 . It indicates that, whenever astrocytes are activated in the time window without refractory and Reaches the predefined calcium threshold, then astrocytes will increase the postsynaptic potential (PSP). Consequently, astrocytes may help PSPs to reach the activation threshold to evoke the postsynaptic neuron to fire a spike as shown in Fig. 3 and Fig.  4 . Moreover, the number of postsynaptic spikes in SNNastrocytes is greater than the SNN-SRM o. However, 884 spikes out of 900 possible spikes were successfully fired in SNNastrocytes whereas 771 spikes out of 900 spikes were fired in SNN-SRM 0. As shown in Fig. 2 that the spikes from the SNNastrocytes are more than the spikes from the standard SNN-SRM. Hence, the green circles and the blue markers are representing the spikes, where the green circles represents the spikes from SNN-astrocytes, the blue markers are the spikes from the standard SNN-SRM, these results indicates that the astrocytes help the postsynaptic potential (PSP) to reach the activation threshold. As illustrated in Fig.3 , the total of 900 (ESPS) and the last 100 inhibitory PSPs (ISPS) Where the activation threshold is set to zer line presents the spikes for ESPS in SNN-SR spikes of the SNN-SRM o (red line for SNN blue line for SNN-SRM). This indicates tha evoking more spikes for the ESPS. 
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